Christie AD, Tonson A, Larsen RG, DeBlois JP, Kent JA. Human skeletal muscle metabolic economy in vivo: effects of contraction intensity, age, and mobility impairment. Am J Physiol Regul Integr Comp Physiol 307: R1124 -R1135, 2014. First published August, 27, 2014; doi:10.1152/ajpregu.00083.2014.-We tested the hypothesis that older muscle has greater metabolic economy (ME) in vivo than young, in a manner dependent, in part, on contraction intensity. Twenty young (Y; 24 Ϯ 1 yr, 10 women), 18 older healthy (O; 73 Ϯ 2, 9 women) and 9 older individuals with mild-to-moderate mobility impairment (OI; 74 Ϯ 1, 7 women) received stimulated twitches (2 Hz, 3 min) and performed nonfatiguing voluntary (20, 50, and 100% maximal; 12 s each) isometric dorsiflexion contractions. Torque-time integrals (TTI; Nm·s) were calculated and expressed relative to maximal fat-free muscle cross-sectional area (cm 2 ), and torque variability during voluntary contractions was calculated as the coefficient of variation. Total ATP cost of contraction (mM) was determined from flux through the creatine kinase reaction, nonoxidative glycolysis and oxidative phosphorylation, and used to calculate ME (Nm·s·cm Ϫ2 ·mM ATP Ϫ1 ). While twitch torque relaxation was slower in O and OI compared with Y (P Յ 0.001), twitch TTI, ATP cost, and economy were similar across groups (P Ն 0.15), indicating comparable intrinsic muscle economy during electrically induced isometric contractions in vivo. During voluntary contractions, normalized TTI and total ATP cost did not differ significantly across groups (P Ն 0.20). However, ME was lower in OI than Y or O at 20% and 50% MVC (P Յ 0.02), and torque variability was greater in OI than Y or O at 20% MVC (P Յ 0.05). These results refute the hypothesis of greater muscle ME in old age, and provide support for lower ME in impaired older adults as a potential mechanism or consequence of age-related reductions in functional mobility. bioenergetics; mitochondria; creatine kinase; glycolysis; oxidative phosphorylation WHILE MANY OF THE CHANGES in neuromuscular properties that occur with advanced age, such as declines in strength and contractile velocity (5, 64), can be detrimental to physical function, some age-related physiological changes may act in a compensatory manner and, thereby, help maintain function to some degree. For instance, it has been suggested that a greater proportion of type I muscle fibers (35, 55, 56) , slowed contractile properties (62, 71), and slower motor unit discharge rates, particularly during maximal contractions (8, 12, 37, 38, 68) , may place older muscle at an economic advantage (41, 49). While age-related differences in muscle metabolic economy (ME; mass-normalized torque produced per unit ATP consumed) have been shown in rat muscle (13, 32), a systematic analysis of muscle ME in aging humans has only recently begun (41, 54) . Such a focus on muscle ME is critical to informing studies of age-related changes in the energy cost of whole body activities, such as walking, which generally involve measures of oxygen consumption, rather than ATP consumption, per se (33, 58).
WHILE MANY OF THE CHANGES in neuromuscular properties that occur with advanced age, such as declines in strength and contractile velocity (5, 64) , can be detrimental to physical function, some age-related physiological changes may act in a compensatory manner and, thereby, help maintain function to some degree. For instance, it has been suggested that a greater proportion of type I muscle fibers (35, 55, 56) , slowed contractile properties (62, 71) , and slower motor unit discharge rates, particularly during maximal contractions (8, 12, 37, 38, 68) , may place older muscle at an economic advantage (41, 49) . While age-related differences in muscle metabolic economy (ME; mass-normalized torque produced per unit ATP consumed) have been shown in rat muscle (13, 32) , a systematic analysis of muscle ME in aging humans has only recently begun (41, 54) . Such a focus on muscle ME is critical to informing studies of age-related changes in the energy cost of whole body activities, such as walking, which generally involve measures of oxygen consumption, rather than ATP consumption, per se (33, 58) .
Economy of muscle contraction is a multifactorial issue, which could be influenced by metabolic processes, mechanical properties, neural input, and coordinated activation of agonists, synergists, and antagonists. Therefore, a complete understanding of economy of muscle contractions requires a collective effort using a combination of approaches. A recent study by Layec et al. (54) indicated lower ME in older compared with young adults during dynamic plantar flexion exercise. However, given that the age-related alterations in muscle energetics vary among muscles (51, 65) , this finding does not rule out different adaptations in other locomotory muscles.
Here, we employ isometric contractions of the tibialis anterior, a single-joint muscle responsible for the majority of dorsiflexor force production, to evaluate muscle ME in young and older adults. Such an approach controls for many of the mechanical and coordination parameters that influence muscle ME during dynamic contractions. We also include a measure of economy during stimulated contractions, which isolates the properties of the muscle itself, thus eliminating variability in neural input as a confounder. The information gained through this controlled approach, using simultaneous metabolic and torque measures, helps identify 1) the conditions under which age-related differences in muscle ME are evident, and 2) the potential sources of these differences.
The ME of muscle contraction in vivo is established, in part, by muscle fiber composition, as type II fibers have been shown to be less efficient than type I fibers in both humans (26, 30) and animals (11, 19) , including during isometric contractions. This difference in efficiency is due, in part, to a lower crossbridge cycling duty ratio (30) and lower cost of calcium handling (73) in type I fibers. Further, according to Henneman's size principle (31) , an increasing proportion of type II muscle fibers are recruited as voluntary contraction intensity increases. As such, it can be hypothesized that in mixed muscle, ME will decrease with increasing contraction intensity, as a greater proportion of less efficient, type II fibers are recruited to contribute to force production. Although conflicting evidence exists (3, 63, 70) , an inverse relationship between contraction intensity and ME has been observed in young adults, along with an association between average ME and type II fiber area (34) .
With advanced age, there can be a modest shift in fiber type toward a greater proportion of type I fibers (23, 35, 55, 56, 77) , suggesting that older muscle may be inherently more economical than young on the basis of fiber-type composition. It can be further hypothesized that a lower proportion of type II fibers in older muscle (23, 35, 55, 56, 77) should protect against a decline in ME with increasing contraction intensity, as rela-tively fewer type II fibers would contribute to force production at greater intensities in older adults. However, this hypothesis has not been tested in aged humans. Furthermore, very little attention has focused on muscle metabolic function in older individuals with physical impairments. Information regarding muscle ME may be useful for understanding the mechanisms of impaired physical function in older populations, as muscle physiological properties have been suggested to play a role in the development of frailty in aging (75) .
The purpose of this study was to quantify the effects of old age and physical impairment on ME of the ankle dorsiflexor muscles during isometric contractions. Electrically stimulated twitch contractions were used to determine the inherent muscular component of ME, while voluntary isometric contractions at 20%, 50%, and 100% maximal voluntary contraction (MVC) were used to distinguish neural and muscular contributions to ME.
Consistent with the reported shift toward a slower muscle phenotype (35, 55, 56, 77) , we hypothesized that twitch economy would be greater in older individuals compared with young, regardless of functional status. Assuming that a voluntary contraction at 20% MVC would recruit primarily economical, slow-twitch muscle fibers, regardless of age, we hypothesized that ME would not differ across groups at this intensity. It was anticipated that the impact of age-related differences in fiber type (35, 55, 56) on ME would become apparent at 50% MVC, as essentially all motor units in the tibialis anterior muscle are recruited at this intensity (16) . Therefore, we hypothesized that ME would be greater in older compared with young muscle at 50% MVC. At 100% MVC, we expected that slower motor unit discharge rates (8, 12, 37, 38, 68) would add to the economic advantage of older individuals, resulting in an even greater age-related difference in ME during maximal contractions.
METHODS
Twenty young (24 Ϯ 1 yr, 10 women), 18 older healthy (73 Ϯ 2 yr, 9 women), and 9 older individuals with signs of mobility impairments (74 Ϯ 1 yr, 7 women) took part in the study. To minimize potential effects of exercise habits and disease, and focus on age, all participants were relatively sedentary (Ͻ60 min of structured activity per week), free of cardiovascular and neuromuscular disorders, and not taking any medications known to affect neuromuscular or metabolic function. Physician's consent for participation was obtained for all older individuals prior to study. All participants completed two visits, one to the Muscle Physiology Laboratory at the University of Massachusetts, where preliminary measures of participant characteristics and muscle properties were obtained and familiarization with study procedures was accomplished. The second visit was to the Magnetic Resonance Research Center at the Yale University School of Medicine, where metabolic measures and magnetic resonance images of the leg were obtained. The study procedures were reviewed and approved by the Institutional Review Board at the University of Massachusetts and by the Human Investigations Committee at the Yale University School of Medicine.
Preliminary Testing
Physical function. All older individuals completed the short physical performance battery (SPPB) (25) , prior to participation. The SPPB is a test of physical function that involves balance tasks, chair rises, and a 6-m walk, and is predictive of future mortality (25) . Participants are scored on a scale of 0 -12, with a score of 12 indicating no mobility impairments, and a score of 7-11 indicating early mobility impairments and increased risk of loss of mobility or mortality (25) . The older healthy group comprised individuals who scored a 12 on the SPPB, while the older impaired group comprised those who scored less than 12 (range 9 -11). As a score of 12 introduces a ceiling effect (such that both a sedentary but unimpaired person and a highly trained person would each score a 12), the functional difference between an individual who scores 11 and one who scores 12 can vary. In a 6-year follow-up study, all-cause mortality rate was 1.3 per 100 people for individuals who scored a 12, and 2.0 per 100 people for individuals who scored an 11 (25) .
Strength. With participants lying supine, the foot was secured into a custom-built apparatus, with the ankle fixed at 30°of plantar flexion. This device is designed to measure isometric dorsiflexion torque, and has been described elsewhere (49, 52, 74) . Because of the difficulty in isolating leg preference based only on the dorsiflexor muscles, leg dominance was not determined. The right leg was used for all except three participants, who had previously had ankle (n ϭ 1) or knee (n ϭ 2) surgery on the right leg. The signal from the force transducer was sampled at 500 Hz. Participants performed three MVCs, each lasting 3-4 s and separated by 2 min of rest. Additional MVC trials were conducted if the two highest values differed by more than 10%. Peak torque obtained during these trials was recorded as the MVC. After determining maximal stimulus intensity based on the compound muscle action potential (M-wave, see below), participants were asked to produce one additional MVC, during which a 50-Hz supramaximal stimulus was applied to the peroneal nerve for 500 ms to determine the central activation ratio, a measure of the completeness of voluntary activation (42) . All participants achieved at least 90% complete activation.
Contractile properties. To quantify muscle contractile properties for use as an indirect measure of fiber type composition, a stimulating electrode (1 cm in diameter, 1-cm interelectrode distance; Grass Technologies, West Warwick, RI) was secured over the peroneal nerve. A 1-cm diameter gold disk recording electrode (Grass Technologies) was placed over the belly of the tibialis anterior muscle with a reference electrode over the tibial tendon at the ankle. A ground electrode was placed between the stimulating and recording electrodes. A single stimulus (200 s in duration) was applied to the nerve at 115% of the intensity required to elicit a maximal electrical (M-wave) response from the muscle. The corresponding twitch response was processed using a custom-written MatLab (Mathworks, Natick, MA) program to determine peak torque (Nm), which was also expressed relative to muscle CSA (N·m/cm Ϫ2 ) and maximal isometric strength (% MVC). The half-relaxation time for twitch torque (T1/2, ms) was also determined.
Physical activity. To ensure that participants were relatively sedentary and to compare habitual physical activity levels between groups, activity was quantified with a uniaxial accelerometer (Actigraph GT1M, Pensacola, FL), which each participant wore over a 10-day period during all waking hours. Data were sampled at 20 Hz and stored in 60-s epochs. Participants also completed a physical activity log to corroborate the accelerometer data. Using a customwritten MatLab program, total physical activity counts for each participant were averaged across a minimum of 7 days, including at least one weekend day and excluding testing days.
Muscle Size Measure
To calculate maximal fat-free muscle cross-sectional area (mCSA) for use in the calculation of ME, magnetic resonance images of the leg were obtained using a 1.5-Tesla magnet (Siemens Sonata, Munich, Germany). Participants were positioned supine, and a phased array coil was placed over the leg and positioned in the isocenter of the magnet. Serial T1-weighted axial images were obtained from the tibial plateau to the lateral malleolus, using the following parameters: 90°fl ip angle, 11-ms echo time, 4-mm slice thickness with no gap, 400-ms repetition time, a 210 ϫ 210-mm field of view, and a 512 ϫ 512 reconstruction matrix. In most cases, these images were obtained during the metabolic testing visit to the Yale Magnetic Resonance Research Center. Where scheduling conflicts prohibited collection of the images at Yale, participants agreed to an additional visit to the Amherst Community Imaging Center at Cooley Dickinson Hospital, where images were collected on a 1.5-Tesla system (Siemens Espree, Munich, Germany), using the same parameters described above. Custom-written MatLab software was used to outline the dorsiflexor muscle group in each slice and separate pixels into muscle, fat, and connective tissue on the basis of signal intensity (44) . Total area was determined for each tissue type, and the five consecutive slices with the largest fat-free mCSA were re-analyzed to ensure accuracy in the area calculations. The average of the three adjacent slices with the largest mCSA was used to define maximal mCSA (cm 2 ). This method of obtaining the mCSA provides an accurate reflection of muscle volume during isometric contractions of the ankle dorsiflexor muscles in young and older adults (29) . To adjust for expected age-related differences in muscle mass (and, therefore, torque-producing capacity), the torque-time integral (TTI; see below) obtained for the metabolic calculations was expressed relative to mCSA (Nm·s·cm Ϫ2 ).
Muscle Metabolic and Torque Measures
Each participant was positioned supine on the patient bed of a 4-T magnet (Bruker Biospin, Rheinstetten, Germany), with the foot strapped into the custom-built force apparatus and a probe assembly containing a 7-cm circular proton ( 1 H) and a 3 ϫ 4 cm phosphorous ( 31 P) coil secured over the belly of the tibialis anterior muscle. The muscle was then positioned in the isocenter of the magnet. The FASTMAP procedure (72) was used for local shimming on the muscle water peak, which resulted in a mean width at half height of 10.3 Ϯ 1.4 Hz for the phosphocreatine (PCr) peak, indicating excellent magnetic field homogeneity in the muscle region of interest.
After optimizing the magnet for metabolic measures, the MVC was quantified as described above, and two brief (3-4 s) MVCs, separated by 2-min rest, were performed 2 min prior to the metabolic measures, to "warm up" the muscle and standardize metabolic conditions across participants.
2-Hz stimulated contractions. As described above for determination of contractile properties, electrical stimulation was applied to the peroneal nerve at 115% of the intensity required to elicit a maximal M-wave. This stimulation was provided at 2 Hz for 3 min. A sample torque recording from this stimulated protocol is shown in Fig. 1 . Spectra were acquired for 1 min (plus 8 dummy pulses) prior to stimulation, throughout the 3 min of stimulation and for 10 min following the stimulation. The pulse parameters included a 100-s hard pulse with a nominal 60°flip angle, 8-kHz spectral width, 2,048 data points and 2-s repetition time (TR). The TTI (Nm/s) was calculated for each twitch contraction, expressed relative to mCSA (cm 2 ) , and averaged across the 3-min protocol. Because of participant discomfort (n ϭ 1) or technical difficulties (n ϭ 2), the 2-Hz protocol was obtained from six of the nine older impaired individuals.
Voluntary contractions. Following the 2-Hz protocol and while keeping the participant in the same position within the magnet, the stimulating electrodes were removed from the leg to improve the phosphorus signal-to-noise ratio. Following 5 min of rest, participants performed a 3-to 4-s MVC to ensure the muscle was not fatigued. Next, the participant completed a series of 12 dorsiflexor contractions (6 contractions at 20% MVC, 3 at 50% MVC, and 3 at 100% MVC, in random order), each lasting 12 s. Participants were provided with real-time feedback of their torque via a light-emitting diode box upon which actual and target torque were displayed. Sample torque traces from one trial at each contraction intensity are shown in Fig. 1 . To avoid fatigue, participants were provided 3-min rest following the 20% and 50% MVC contractions, and 10-min rest following the 100% MVC contractions. Spectra were acquired for 1 min (plus 8 dummy pulses) prior to (resting baseline), throughout, and for 3 (20% and 50% MVC conditions) or 10 (100% MVC) min following each 12-s contraction. The pulse parameters were the same as those described above for stimulated measures.
For each of the 12-s contractions, the TTI (Nm/s) was calculated using MatLab and expressed relative to mCSA (cm 2 ). This normalized TTI was then averaged across trials at each contraction intensity, for each participant. Variability in torque production was also quantified as the coefficient of variation (%) in relative torque (% MVC) and averaged across trials for each intensity.
Spectral Processing and Metabolic Calculations
Using a custom-written MatLab program, all free-induction decays were zero-filled and Fourier-transformed prior to line-fitting. A 10-Hz line broadening was applied, and spectra were manually phased. After frequency correction to set the PCr peak to 0 Hz, spectra were aligned temporally and averaged within each contraction intensity (six contractions at 20% MVC, 3 at 50% MVC, 3 at 100% MVC). Using NUTS software (Acorn NMR, Livermore, CA), the broad peak in the spectra due to phosphorous in bone was removed with a polynomial fit to obtain a flat baseline. To improve the signal-to-noise ratio, spectra then were time-averaged as follows: for the 2-Hz stimulated contractions: 1-min averaging at rest, 10-s averaging during stimulation, and 30-s averaging during recovery; for voluntary contractions: 1-min averaging at rest, 4-s averaging during each contraction, and for the first 16 s of recovery. Eight-second averaging was used for the remainder of the recovery in the 20% MVC and 50% MVC conditions and for the first 5 min of recovery for 100% MVC. Thirty-second averaging then was used for minutes 5-10 in the 100% MVC condition. The area under the peaks corresponding to PCr, P i, and phosphomonoesters were quantified by fitting each peak with a Lorenzianshaped curve. Where splitting of the Pi peak was evident (n ϭ 4 participants at 100% MVC), two curves were used to fit Pi, and the weighted average of the two peaks was used (49) .
Concentrations of Pi and PCr were calculated using the assumption that [Pi] ϩ [PCr] ϭ 42.5 mM in resting muscle (60) . Peak areas were corrected for partial saturation effects using correction factors calculated from 24 partially saturated (TR ϭ 2 s) and 24 fully relaxed (TR ϭ 30 s) spectra in a subset of participants (8 young, 8 older) . Intracellular pH was calculated on the basis of the chemical shift between P i and PCr (61) .
ATP cost of contraction. Because under our experimental conditions there is no net change in [ATP], ATP production is equivalent to ATP consumption. The rates of ATP production through the creatine kinase (CK) reaction (ATP CK), nonoxidative glycolysis (ATPGLY), and oxidative phosphorylation (ATPOX) were calculated at each intensity (48, 49, 74) .
The rate of net PCr breakdown by the CK reaction was established by the rate of decline in PCr determined using linear regression of the four data points obtained for each 12- ] ϭ 1 mM. ATPGLY was calculated from changes in pH and PCr during each 12-s contraction (rates were calculated using linear regression for each). Proton consumption by the CK reaction, buffering, and oxidative proton production also were taken into account, as follows:
where is the proton stoichiometry for the CK reaction coupled with ATP hydrolysis and m accounts for the protons generated by oxidative phosphorylation (39) , each averaged across the 12-s contraction. Under our conditions (i.e., no net acidosis at any contraction intensity), proton efflux was assumed to be negligible (40) . Overall buffering (␤) was computed as the sum of inherent buffering, and buffering from bicarbonate and inorganic phosphate (39) .
The total rate of ATP production (ATP TOT, mM/s) was calculated as the sum of fluxes through each of the three metabolic pathways. The total amount of ATP produced by each pathway (mM) at each intensity, was determined by multiplying the corresponding rate by the total contraction duration (i.e., 12 s). To evaluate the relative contributions of ATP production from oxidative pathways, the oxidative ratio was calculated as ATP OX/(ATPCK ϩ ATPGLY ϩ ATPOX).
Our methods for calculating the cost of a single muscle twitch from 3 min of 2-Hz stimulation have been described previously (74) . Briefly, the initial rate of change in PCr was used to calculate twitch cost, as follows:
where dPCr/dttϭ0 is the initial rate of change in PCr, derived from an exponential fit of the time course of the decline in PCr over the 3-min protocol (17) .
Muscle Metabolic Economy
For voluntary contractions ME was calculated for each intensity as the normalized TTI produced per unit ATP (Nm·s·cm Ϫ2 ·mM ATP Ϫ1 ). Estimation of twitch economy was accomplished for each individual using the average twitch TTI for the 3 min of stimulation and ATP TOT calculated from the cost of a single twitch (Nm·s·cm Ϫ2 ·mM ATP Ϫ1 ).
Statistical Analyses
One-way ANOVA was used to compare group (age, height, body mass, and physical activity counts) and muscle (MVC, mCSA, contractile properties, twitch economy, and oxidative capacity) characteristics. Two-factor (group, contraction intensity), repeated-measures ANOVAs with Greenhouse-Geisser corrections were used to compare muscle metabolic variables, pathway-specific ATP production, total ATP cost, TTI, variability in torque, and ME between groups and across contraction intensities. Where significant effects were found, post hoc pairwise comparisons were performed. Linear regression analyses were used to explore relationships between twitch economy and ME values at different contraction intensities. Data are presented as means Ϯ SE, and statistical significance (two-sided) was set at P ϭ 0.05. We appreciate that the smaller number of participants in the older impaired group could impact the significance of the observed differences. Therefore, where comparisons involving the older impaired group approached significance, effect sizes were computed using Cohen's d, to determine the magnitude of the effect independent of sample size (9) .
RESULTS
Study group characteristics are presented in Table 1 . The older healthy and impaired groups were similar in age (P ϭ 0.89). Height (P ϭ 0.46) and body mass (P ϭ 0.25) did not differ across groups, and daily physical activity did not differ between young and older healthy individuals (P ϭ 0.72). However, physical activity counts were lower in the older impaired group compared with either young (P ϭ 0.02) or healthy older individuals (P Ͻ 0.001). 
Baseline Muscle Characteristics
Group data for baseline muscle characteristics are presented in Table 2 . MVC torque (P ϭ 0.58) and the central activation ratio (P ϭ 0.22) were not different across groups. Fat-free mCSA was smaller in the older impaired group, compared with young (P ϭ 0.02) or older healthy (P ϭ 0.002) but was similar between young and older healthy groups (P ϭ 0.53). Neither k PCr nor V max differed among groups (P ϭ 0.29, P ϭ 0.54, respectively), indicating similar in vivo muscle oxidative capacities in the study groups.
Torque Production and Metabolic Changes During Voluntary Contractions
As designed, the TTI increased with increasing contraction intensity (P Ͻ 0.001, Fig. 2A ). There was no significant difference in normalized TTI across groups (P ϭ 0.20) and no group ϫ intensity interaction (P ϭ 0.28), indicating similar torque production, relative to mCSA, among all groups at each contraction intensity (Fig. 2A) .
The CV of torque production differed by contraction intensity (P Ͻ 0.001), such that variability was greater at 20% (P Ͻ 0.001) and 100% (P ϭ 0.001) than at 50% MVC, with no significant difference between 20% and 100% MVC (P ϭ 0.90; Fig. 3 ). There was a main effect of group, as overall torque variability was greater in older impaired compared with young (P ϭ 0.001) and tended to be greater in the impaired than the healthy older group (P ϭ 0.07), but was not different between young and healthy older (P ϭ 0.37). There was also a group ϫ intensity interaction (P ϭ 0.04), as there was less torque variability in the young group than older healthy (P ϭ 0.01) or impaired groups (P ϭ 0.001) at 20% MVC, with no significant group differences at 50% (P Ն 0.61) or 100% MVC (P Ն 0.19). The torque CV was similar between the first and last contractions at 20% MVC in young (P ϭ 0.40), older healthy (P ϭ 0.11) and older impaired groups (P ϭ 0.21), indicating that the observed difference was not due to a differential learning effect across groups. , and metabolic economy (C) during voluntary contractions at 20%, 50%, and 100% MVC. A: as designed, the TTI, normalized to fat-free muscle size, increased with increasing contraction intensity (P Ͻ 0.001), with no differences across groups (P ϭ 0.20). B: total ATP cost of contraction was not different across groups (P ϭ 0.39), increased with increasing contraction intensity (P Ͻ 0.001), and showed a group ϫ intensity interaction (P ϭ 0.04). C: overall, metabolic economy (ME) was similar across contraction intensities (P ϭ 0.21) and was lower in older impaired individuals than young or older healthy (P Յ 0.04). A group ϫ intensity interaction was also observed for ME (P ϭ 0.04). Data are expressed as means Ϯ SE for each group. *Significantly different from young (P Յ 0.05). , and 100% MVC. Overall, the CV was greater at 20% and 100% MVC than at 50% (P Յ 0.01) and was greater in older impaired compared with young (P ϭ 0.001). There was also a group ϫ intensity interaction (P ϭ 0.04). Data are expressed as means Ϯ SE for each group. *Significantly different from young (P Յ 0.05).
Selected metabolic variables are presented in Table 3 . Resting [PCr] was greater in young than in older healthy (P ϭ 0.001) or older impaired (P Ͻ 0.001) groups, but was not different at baseline across contraction intensities (P ϭ 0.51).
Resting pH did not differ across groups (P ϭ 0.16) or contraction intensity (P ϭ 0.20). Mean changes in [PCr] and pH during the contractions are shown for each group in Fig. 4 . Phosphocreatine at the end of contraction (PCr end , % rest) decreased with increasing contraction intensity (P Ͻ 0.001), but these changes were similar across groups (P ϭ 0.77). Likewise, the minimum pH reached following contraction decreased with increasing contraction intensity (P Ͻ 0.001), with no significant differences across groups (P ϭ 0.65). There were no significant age ϫ intensity interactions for [PCr] rest (P ϭ 0.53), pH rest (P ϭ 0.22), PCr end (P ϭ 0.84), or pH end (P ϭ 0.30).
ATP Production and Cost of Voluntary Contractions
Total ATP cost. As expected, ATP TOT increased with increasing intensity (P Ͻ 0.001; Fig. 2B ) but was not different across groups (P ϭ 0.39). A group ϫ intensity interaction (P ϭ 0.001) was observed, such that ATP TOT was greater in older healthy (P ϭ 0.05) and older impaired (P ϭ 0.02) groups, compared with young at 20% MVC. ATP TOT was greater in young compared with older healthy individuals at 100% MVC (P ϭ 0.02). No other significant group differences were observed for ATP TOT (P Ն 0.16).
ATP production by pathway. Contributions from each of the three metabolic pathways (ATP CK , ATP GLY , ATP OX ) to the total ATP produced during the 12-s voluntary contractions are shown in Fig. 5 . The ATP produced by each pathway increased with increasing contraction intensity (P Ͻ 0.001). Overall, ATP CK (Fig. 5A) was not different across groups (P ϭ 0.45); however, there was a group ϫ intensity interaction (P ϭ 0.04). Post hoc analysis revealed that at 100% MVC, ATP CK was greater in young than in older healthy individuals (P ϭ 0.02), with no significant group differences at 20% (P Ն 0.19) or 50% MVC (P Ն 0.60). ATP GLY (Fig. 5B ) was different across groups (P ϭ 0.01), and showed a group ϫ intensity interaction (P Ͻ 0.001). Specifically, ATP GLY was greater in young than older healthy (P ϭ 0.002) or older impaired (P ϭ 0.05) individuals at 100% MVC, with no other significant group differences (P Ն 0.31). There was a main effect of group (P ϭ 0.05) for ATP OX (Fig. 5C ), as it was lower in young individuals than in older healthy (P ϭ 0.009) or older impaired (P ϭ 0.03), with no significant difference between older impaired and older healthy groups (P ϭ 0.21). There was no group ϫ intensity interaction (P ϭ 0.42) for ATP OX .
Oxidative ratio. The proportion of ATP produced oxidatively did not vary across contraction intensities (P ϭ 0.08) but was different across groups (Fig. 6 ). This ratio was greater in the older impaired than the young group (P Ͻ 0.001). There was also a group ϫ intensity interaction (P Ͻ 0.001), such that the oxidative ratio was lower in young individuals than either older group at 50% (P Յ 0.001) and 100% MVC (P Յ 0.001), but not at 20% MVC (P Ն 0.35). There were no significant differences between older healthy and older impaired groups at any intensity (P Ն 0.27).
Metabolic Economy During Voluntary Contractions
Metabolic economy for each group at each contraction intensity is shown in Fig. 2C . Economy differed among groups (P ϭ 0.05), but not across contraction intensities (P ϭ 0.21). Specifically, ME was lower overall in the older impaired group than either the young (P ϭ 0.009) or older healthy groups (P ϭ 0.04), with no significant difference between the latter two groups (P ϭ 0.21). There was also a group ϫ intensity interaction (P ϭ 0.04), as ME was greater in young than in older impaired individuals at 20% (P ϭ 0.02) and 50% MVC (P ϭ 0.02) and tended to be greater in the older healthy than older impaired group at 20% (P ϭ 0.07) and 50% MVC (P ϭ 0.07). The computed effect sizes indicated that, although these differences in ME between older healthy and older impaired subjects did not reach statistical significance, they are physiologically significant at 20% MVC (d ϭ 0.70) and 50% MVC (d ϭ 0.72). There were no significant group differences at 100% MVC (P Ն 0.10). Linear regression analyses with all participants combined (n ϭ 38) showed that, while ME at 50% and 100% MVC were strongly associated with each other (r ϭ 0.61; P Ͻ 0.001), ME at 20% was not associated with ME at 50% (r ϭ 0.22; P ϭ 0.14) or 100% MVC (r ϭ 0.09; P ϭ 0.54), suggesting that factors regulating ME were different at 20% compared with 50% and 100% MVC.
Torque, ATP Production, and Economy During Stimulated Twitch Contractions
Normalized peak twitch torque at baseline was not different across groups (P ϭ 0.87), nor was baseline twitch TTI (P ϭ * * and oxidative phosphorylation (ATPOX, C) during 12-s voluntary isometric contractions at 20%, 50%, and 100% MVC. A: ATPCK was similar across groups (P ϭ 0.45), increased with increasing contraction intensity (P Ͻ 0.001), and showed a group ϫ intensity interaction (P ϭ 0.04). B: ATPGLY increased with increasing contraction intensity (P ϭ 0.03), but was overall greater in young than older healthy or older impaired groups (P Յ 0.05) and had a group ϫ intensity interaction (P Ͻ 0.001). C: ATPOX increased with increasing contraction intensity (P Յ 0.001), and, overall, was lower in young than older healthy or older impaired individuals (P Յ 0.03). Data are expressed as means Ϯ SE for each group. *Significantly different from young (P Յ 0.02). Fig. 6 . Oxidative ratio. Proportion of ATP produced by oxidative phosphorylation relative to total ATP in each group during 12-s voluntary isometric contractions is shown at 20%, 50%, and 100% MVC. Overall, the oxidative ratio was not different across intensities (P ϭ 0.08). A group ϫ intensity interaction was observed (P Ͻ 0.001). *Significantly different from young (P Յ 0.001). 0.15; Table 2 ). Resting [PCr] (P ϭ 0.11) and pH (P ϭ 0.94) prior to stimulated contractions were not different across groups (Table 4) . The pH min (P ϭ 0.39) and [PCr] end (P ϭ 0.37) following the 3-min stimulation protocol were also comparable across groups (Table 4) , indicating an overall similar metabolic response to the stimulation. Average TTI (P ϭ 0.15) and ATP cost (P ϭ 0.49) per twitch did not differ across groups (Table 4) . As a result, twitch economy was not different across groups (P ϭ 0.86; Table 4 ), indicating similar inherent muscle economy.
DISCUSSION
The purpose of this study was to investigate potential differences due to age and mobility status in muscle ME during stimulated and voluntary isometric contractions of varying intensity. We hypothesized that the economy of a single twitch would be greater in both older groups compared with young, consistent with a slower muscle phenotype in aging. During voluntary contractions, we hypothesized that muscle ME would be similar across groups at 20% MVC, but greater in older than young at 50% and 100% MVC due to the increasing influence of differing fiber type recruitment and motor unit discharge rates. Contrary to our hypothesis, twitch economy was not different across groups of young, older healthy, and older impaired individuals. Likewise, there was no significant difference in ME during voluntary contractions between young and older healthy individuals, despite slower contractile properties in the older group. Notably, ME was, in fact, lower in older impaired individuals than in young or older healthy adults, particularly at submaximal contraction intensities, despite similar muscle oxidative capacity and normalized torque production across groups. This observed difference in ME during voluntary, but not stimulated contractions, suggests that factors other than intrinsic muscle properties are involved in the determination of in vivo economy in humans, as discussed below.
The ankle dorsiflexor muscles play an important role during walking, as they are active for ϳ75% of the gait cycle (6) . Likewise, adequate dorsiflexor function is needed to prevent falls in older adults (24, 59) , suggesting a strong functional relevance for this muscle group during gait. However, we cannot rule out the possibility that age-related differences in ME may vary by muscle group, as has been demonstrated with other bioenergetics variables, such as muscle oxidative capacity (51).
Metabolic Economy During Voluntary Contractions
Influence of contraction intensity. Although data from electrically stimulated contractions consistently indicate higher ATP cost as stimulation frequency increases (2, 17, 20) , the impact of voluntary contraction intensity on ME is less clear. Some reports suggest a positive relationship between voluntary contraction intensity and ME (70) , while other reports suggest a negative relationship (34) , and still others report no change in economy across intensities (3, 63) . In the current investigation, muscle ME did not differ across intensities during shortduration contractions of the ankle dorsiflexor muscles. One potential explanation for differences across studies is the muscle that was investigated. It is possible that intensity-dependent changes in ME may be more apparent in a mixed muscle, where differences in recruitment of fiber type would be more profound than in the TA, which is ϳ76 -84% type I fibers (35) .
Economy in healthy older adults. Our previous work clearly showed greater reliance on oxidative ATP production in older compared with young muscle during fatiguing isometric contractions (43, 48, 49) , a result that was replicated here (Figs. 5  and 6 ). Metabolic economy was not reported in these earlier investigations, and ATP cost was not adjusted for muscle mass. In addition, the contraction protocols in these previous studies involved sustained (48) or intermittent (49) maximal contractions, both designed to induce muscle fatigue. A retrospective analysis of a subset of the data from Lanza et al. (49) indicated greater ME in older compared with young adults (41), which provided an important impetus for the current study. A strength of our new study design was the use of brief muscle contractions, allowing us to examine muscle ME independent of fatigue. To our knowledge, this study is the first to prospectively document age-related differences in ME during ankle dorsiflexion, and to extend this finding to the case of older adults with mild-to-moderate mobility impairments.
Although a relationship between age and ME has been shown in premenopausal women for the ankle plantar flexor muscles (33), we did not observe a significant difference in ME between our young and older healthy groups in the current study. Our result is also contradictory to a recent report demonstrating lower economy in older muscle compared with young during dynamic contractions of the ankle plantar flexor muscles (54) . During a 5-min submaximal contraction protocol, Layec et al. (54) report higher ATP cost, relative to Watts produced, in older healthy individuals compared with young. In the current investigation, we accounted for fat-free muscle mass and used an isometric paradigm to control for the complexity of interacting factors that contribute to dynamic control, such as coordinated neural input, muscle endurance, and muscle activation and relaxation mechanics. Under such isometric conditions, we did not observe a difference in economy between young and older healthy groups. Therefore, it seems likely that in older healthy individuals, the neural and mechan- ical factors involved in dynamic movements may be an important source of inefficiency, consistent with previous reports (34, 54) . In addition, the greater overall energy cost of dynamic compared with isometric contractions (69) may also contribute to these differences between studies, although this hypothesis awaits further testing. Aging and mobility impairment. Although ME was similar between young and older healthy individuals, our older impaired group had lower ME compared with young and older healthy individuals at the submaximal contraction intensities. Such a difference across groups suggests that factors other than age alone are contributing to this reduced ME. It is likely that the observed greater variability in torque of the older impaired group (discussed in more detail below) contributes to the observed difference in ME. This becomes a particularly attractive hypothesis given the absence of differences in muscle oxidative capacity (k PCr , V max ) in the older impaired compared with young and older healthy groups (Table 2 ). However, lower ME was also observed in the older impaired group at 50% MVC, where variability in torque was similar across groups. Such a finding suggests that additional factors may be involved.
The muscles of older individuals with mobility impairments often exhibit significant atrophy (36, 67, 81) and lower motor unit discharge rates (66, 80) . These changes likely combine with lower habitual physical activity (Table 1) , contributing to poor functional capacity. Further, animal models suggest that efficiency of Ca 2ϩ transport in the sarcoplasmic reticulum (Ca 2ϩ transported per unit ATP) is reduced in muscles of older rats compared with young rats (18) . Such changes in the neuromuscular system of older individuals with physical impairment could place their muscles at an economic disadvantage, despite an apparently greater proportion of type I muscle fibers and adequate voluntary muscle activation, as indicated by the similar normalized TTI values reported here for all groups.
Although partial denervation of older muscle has been documented in animal models (14, 84) , such changes have not to our knowledge been directly documented in humans. If present in our older subjects, denervated muscle fibers would be included in the mCSA, but would not be metabolically or mechanically active during contraction. As such, the presence of denervated fibers could reduce mass-normalized torque and decrease ME. In the current investigation, however, we did not observe any significant differences in mass-normalized torque across groups (Fig. 2) . Thus, it seems unlikely that such alterations in innervation contributed to the differences in ME observed in the current investigation.
ATP Production
We have used the classic construct of bioenergetics as being accomplished during contractions by glycolysis and oxidative phosphorylation, with temporal and spatial buffering by the creatine kinase reaction (4, 82) . We note that this model does not include potential contributions from the net breakdown of ADP to AMP, which also plays a role in the maintenance of energy homeostasis (27) .
Consistent with previous reports (48 -50), we have shown here that ATP GLY was greater in young than either older group at 100% MVC (Fig. 5) . Notably, a previous study showed that this age-related difference in glycolytic flux during maximal contractions is not due to a limitation in glycolytic ATP production in older muscle (49) . The difference in absolute ATP GLY observed here between young and old did not result in an age-related difference in ME at 100% MVC.
The relative contribution from ATP OX (oxidative ratio; Fig.  6 ) was greater in older individuals, compared with young at 100% MVC, despite similar k PCr and V max across all groups. This result is consistent with previous studies of muscle bioenergetics in aging (7, 43, 48, 49) . The current study also extends information regarding submaximal contraction intensities (7, 43) , where we found a greater oxidative ratio in both older groups compared with young at 50% MVC, but not at 20% MVC. This greater relative ATP OX in the older groups is also consistent with our observed main effect of group for the absolute ATP OX (Fig. 5) . Together, these results indicate that both absolute and relative ATP OX are greater in older individuals than young at moderate-to-high contraction intensities. However, such an oxidative phenotype does not seem to confer any economic advantage in the unfatigued muscle of older healthy adults.
Torque Variability
Presumably, the variability of torque production at low contraction intensities (Fig. 3) introduced inefficiency to the neuromuscular response of the older groups. The finding that the CV for torque did not change in any group over the course of the six contractions at 20% MVC suggests that a learning effect was not the source of this difference between young and old. The exact mechanism by which this occurs, and the impact of this effect on mobility in older adults, await future clarification. However, Saugen and Vollestad (70) propose that motor unit recruitment and rate coding patterns have a profound impact on the intensity-related increase in economy they observed in healthy young adults. They suggested that the force oscillations typically observed at low motor unit firing rates reduce the economy of the contraction compared with greater intensity, fully fused contractions (70) . Further, it has been shown that variability in motor unit firing rates increases with age (78), particularly at low contraction intensities (15) , likely due to the larger motor units of older muscle (22, 46 ) that make precise force production at low contraction intensities difficult (76) .
Our findings of greater torque variability in older individuals at 20% MVC may, therefore, explain a portion of the greater ATP cost and lower ME observed in the older impaired group at this intensity, despite their similar relative TTI (Fig. 2) . Notably, torque variability was not different across groups at 50% MVC, despite lower ME in the older impaired group at this intensity. This result suggests that variable mechanisms contribute to age-related differences in ME across intensities, an observation that is further supported by the lack of associations between ME at 20% MVC and that at 50% or 100% MVC (r Յ 0.22).
Inherent Muscle Economy
The inclusion of a stimulated paradigm here allowed us to investigate inherent economy of the muscle, independent of potential age-related differences in neural drive, such as increased co-contraction (45, 57) . Consistent with a recent ret-rospective analysis of data from the quadriceps muscles (10), we found no difference in inherent muscle economy across age groups (Table 2 ). While we did not have a direct measure of fiber type composition, the lower resting [PCr] (Table 3) , (47, 79) and slower T 1/2 of force relaxation in the older groups (Table 2) were consistent with a shift toward a slower fiber type composition in these individuals (53) . Despite this apparent difference in fiber type, twitch economy was not different across groups, suggesting that 1) factors other than fiber type are predominantly contributing to inherent muscle ME in vivo in humans; 2) any economic advantage due to type I fiber composition (11, 26, 30, 34) was offset in the older adults by increased energy needs of the sodium-potassium, sarcoplasmic reticulum Ca 2ϩ (as discussed above) or myosin ATPases; 3) force relaxation rate in vivo does not adequately reflect fiber type composition in the context of aging, particularly as we did not observe a difference in peak twitch torque; or 4) the relatively small age-related shift in fiber type composition, from ϳ76% to ϳ84% type I, that has been documented in the human tibialis anterior muscle (35) may not be sufficient to produce measurable differences in whole muscle twitch economy. The solution to this apparent paradox of a slower, but not more economical, phenotype in older muscle is not clear at this time. Overall, the lack of difference in inherent muscle economy by age provides strong evidence that the lower ME during voluntary contractions in our older mobility-impaired group was due to differences arising proximal to the site of stimulation.
We note that our twitch cost (mM ATP per twitch; Table 2 ) results are in contrast to our previous study, which showed lower ATP cost of twitch contractions in older compared with young men (74) . The twitch cost for young men in the current study was comparable to that of Tevald et al. (74) (means Ϯ SE ϭ 0.18 Ϯ 0.02 mM ATP per twitch in both cases), whereas twitch cost for the older men in the current study was greater than in the previous cohort (0.19 Ϯ 0.02 vs. 0.13 Ϯ 0.01, respectively). While the source of this difference in studies is not clear, it is possible that differences in physical activity are a contributing factor. The older men in the study of Tevald et al. (74) had lower physical activity counts than the young participants, while there were no differences in physical activity between the young and older healthy groups in the current investigation.
Single Muscle Metabolic Economy and Whole Body Energy Costs in Aging
As the field moves forward to elucidate the potential role of muscle ME in age-related changes in the energy cost of whole body exercise such as walking, it is imperative to keep in mind the distinctions between single-muscle economy (mass-normalized torque or power per unit ATP consumed-from all sources) and whole body energy costs (generally evaluated using a measure of oxygen consumption). These approaches are both necessary but focus on different sets of factors and likely involve different mechanisms and solutions. As the complexity of the paradigm increases, so too do the number of potential influences on the outcome variables. Such is the challenge of truly integrative physiological research. By starting with a well-controlled model established by previous studies of older adults, the present study contributes to the emerging literature by providing new and unique evidence of lesser ME in mobility-impaired older adults during submaximal, voluntary contraction intensities, and suggests that attention to the control of muscular work will be fruitful in future studies.
Conclusions
We have shown that inherent dorsiflexor muscle twitch economy in vivo is similar in young, older healthy and older mobility-impaired adults, despite slower contractile properties suggestive of more economical, type I muscle in the older groups. During nonfatiguing, voluntary contractions, our results indicate that muscle ME does not differ in healthy older adults compared with young. However, when extended to mobility-limited older adults, a reduction in muscle ME is evident, particularly at submaximal contraction intensities. Our analyses suggest that greater variability in torque production contributes to the reduced ME at submaximal intensities, although additional factors may also play a role.
Perspectives and Significance
This work adds important new information to our understanding of the physiological mechanisms associated with functional declines in older individuals. As most activities of daily living involve submaximal contractions, our observation of lower ME in mobility-impaired older adults has implications for daily energy cost and the experience of symptomatic fatigue in this population. Although it has been suggested that muscle fatigue may be related to symptomatic fatigue in frail older individuals (1) , evidence for such a connection is lacking. It is possible that muscle ME may provide a physiological link between muscle and symptomatic fatigue, although further investigation is necessary. Future work should extend these findings to other muscle groups, more complex contraction protocols, and conditions of muscle fatigue.
